As the outer surface of a nanoporous carbon is treated with 16-mercaptohexadecanoic acid, the carbon particles can form a stable suspension in water. When the water phase is compressed, the liquid infiltration behavior in the nanopores becomes significantly different from that of untreated material, suggesting that the inner surface is also modified. After the treatment, the infiltration pressure does not decrease. Therefore, the chain configurations at the inner and outer surfaces must be different, which explains the variations in infiltration pressure and volume.
I. INTRODUCTION
In the past, nanoporous materials were mainly used in the biological and chemical fields for catalysis, absorption and adsorption, separation and purification, and so on. [1] [2] [3] One of their most attractive properties is the ultra-large surface area, typically at the level of 10 2 -10 3 m 2 /g, 4, 5 which can greatly amplify beneficial surface chemical reactions (e.g., for catalysis) and/or surface physical processes (e.g., for absorption).
Recently, the application of nanoporous materials was extended to mechanical systems, such as nanoporous energy absorption systems (NEAS). [6] [7] [8] A NEAS contains two phases: a nanoporous phase, which is often in the form of micrometer (mm) sized particles, and a liquid phase in which the nanoporous particles are immersed. The properties of the inner surfaces of nanopores must be appropriately controlled so that the effective solidliquid interfacial tension, g sl , is larger than g s + g l , where g s and g l are the effective surface tensions of the nanopore wall and the liquid, respectively; that is, work needs to be done to expose the nanopore surface to the liquid. Thus, at rest the repelling effect of the nanopore surfaces would keep the liquid phase out of the nanopores. As external pressure is applied, the liquid can be compressed into the nanopores, accompanied by a large increase in system free energy, the amount of which is proportional to the total surface area. Such a system is effectively a compressible liquid, which is relevant to advanced damping and protection devices, such as vehicle bumpers, liquid armors, and damping stages, among others. 9, 10 Among the large number of nanoporous materials that have been investigated for NEAS, nanoporous carbons have received wide attention. 11 Unlike many other nanoporous materials, such as silicas and aluminas, which must be synthesized through sophisticated templating procedures, nanoporous carbons can be directly produced through carbonization of organic materials (e.g., carbon blacks and activated carbons), and activated by relatively simple hydrothermal treatments. Therefore, they are cost-efficient. Their nanopore sizes can be controlled in a wide range from less than 1 nm to the submm level. The nanopores can be either open or closed, interconnected or isolated, and one dimensional or three dimensional. The thermal and electrical properties can also be adjusted over broad spectra. The surface areas and pore volumes of nanoporous carbons are often larger than those of other nanoporous materials. Previous experimental data have validated that they can be used to produce high-energy-density NEAS.
One problem of nanoporous carbon based NEAS is that, because the carbon phase and the liquid phase are often of different mass densities, the carbon particles may not be stably suspended. Shortly after an NEAS is placed at rest, the lightweight carbon particles can float on the surface, and the system becomes heterogeneous. While under a uniform loading as long as the nanopores are accessible the overall liquid infiltration behavior and the energy absorption capacity are not affected, the phase separation can be problematic if the external loading is dynamic, and impose tremendous challenges to quality control in materials preparation and packaging.
A promising method that can stabilize liquid suspensions is to surface charge the particles; that is, if permanent electric charges, for example, charged surface groups, are decorated on the particle surfaces, they tend to repel each other and thus aggregation can be suppressed. While surface electrostatics may be generated physically by placing two different materials together, 15 to produce stable surface charges in a liquid medium, chemical surface treatment is usually the most robust method. By grafting charged molecules, often organic chains with charged end groups, the surface properties of the solid can be controlled in desired ranges. Note that a charged surface usually attracts water molecules and is effectively hydrophilic. For the NEAS, when the outer particle surfaces are modified, the inner surface must be maintained hydrophobic.
II. EXPERIMENTAL
The nanoporous material investigated in the current study was a nanoporous carbon, BP-2000, provided by Cabot (Boston, MA) in powder form, with the particle size of about 50 mm. To minimize the effects of treatment history, the material was dried in air at 80 C for 2 h, heated in a nitrogen environment at 500 C for 4 h, and thoroughly rinsed in acetone and warm water three times. The BP2000 powders were then placed in a tube furnace. A saturated water steam flow was maintained at a constant rate of 10 mL/min across the sample for 12 h at 180 C. After drying, the material was sealed in a round bottom flask with 10 mL of 2.5% dry toluene solution of chlorotrimethylsilane. The mixture was stirred at 90 C for 4 h in a thermal mantle, followed by repeated rinsing in dry toluene, acetone, and warm water, and vacuum drying at 80 C for 24 h. By using a Micromeritics ASAP 2000 Gas Absorption Analyzer (Norcross, GA), it was determined that the average nanopore size was 16.7 nm, the nanopore surface area was 1225 m 2 /g, and the nanopore volume was 2.1 cm 3 /g. To modify the wettability of the outer surface, immediately after drying, the BP-2000 sample was mixed with 150 mL of dry toluene and 2 g of 16-mercaptohexadecanoic acid (MHA) in a sealed flask. The mixture was stirred at room temperature for 10 min and refluxed at its boiling point for 48 h. A drying tube was attached to the top of the reflux apparatus. The material was then filtered, washed in dry toluene, methanol, and deionized water, and dried in vacuum at 80 C for 6 h. After the MHA treatment, the material was characterized again by the ASAP-2000 Analyzer. The average nanopore size was 16.3 nm and the specific nanopore volume became 1.4 cm 3 /g. About 0.3 g of BP-2000 particles, ether treated with MHA or untreated, was mixed with 6 g of saturated aqueous solution of potassium chloride (KCl) in a stainless steel cylinder. A steel piston was intruded into the cylinder by a type 5580 Instron machine (Norwood, MA) at a constant rate of 0.5 mm/min. The cross-sectional area of the piston was 286 mm 2 . As will be discussed below, in a certain pressure range, an infiltration plateau could be observed. Once the infiltration was completed, the piston was moved out of the cylinder at the same rate. Figure 1 shows typical sorption isotherm curves, demonstrating the pressure as a function of system volume change. During the testing procedure, the system temperature was controlled by a water bath at either 20 C or 50 C.
III. RESULTS AND DISCUSSION
In the silane treatment process, the silane molecules react with the hydroxyl sites at both the inner surfaces of the nanopores and the outer surfaces of the particles, forming -CH 3 surface groups. 16 The neutral surface groups repel water molecules, and thus the carbon surface becomes hydrophobic. When the silane treated carbon powders are added in the KCl solution, even after prolonged mixing no stable suspension can be formed. The lightweight carbon particles would rapidly float on the surface, and the clear liquid phase is left below. As the heterogeneous system is compressed by a quasistatic loading, initially when the pressure is relatively low, the carbon powder layer and the liquid layer deform separately. While the liquid phase is nearly incompressible, the carbon powders are only loosely packed and thus can be condensed easily. The system volume decreases with the increase in pressure (section OA), with the slope of sorption isotherm curve of about 3.75 kPaÁg/mm 3 . When the pressure is increased to nearly 3.5 MPa, an abrupt transition from the ramp (OA) to a plateau (AB) is observed, which should be attributed to the infiltration of the pressurized liquid into the nanopores. The addition of the electrolyte increases the surface tension of the liquid phase, and thus makes the transition clearer. 17 The plateau is flat, indicating that the effective viscosity of the confined liquid is low, so that the internal friction effect is negligible. The reduction in liquid viscosity at small length scale is associated with the breakdown of the continuum interface structure and the insufficient space for the development of velocity profile. 18 The infiltration continues from A to B, after which the slope of the sorption isotherm curve rapidly increases, indicating that the nanopores are filled. The width of the infiltration plateau is around 1.8 cm 3 /g, close to but lower than the gas absorption measurement result of porosity. The difference between the effective nanopore volumes in liquid infiltration and gas absorption tests may be related to the van der Waals distance of water molecules, which is about 0.2-0.3 nm. 19 Immediately next to the large nanopore surface (1225 m 2 /g), the inaccessible space is 240 to 360 mm 3 /g. Due to the relatively short treatment time, the surface coverage of the silane groups is far from being saturated. If the treatment time is increased to 8 h, the infiltration pressure would be increased by about 20%. As the surface density of the silane groups is relatively low, their influence on the effective pore volume is only secondary.
When the pressure is lowered, the unloading path (BC) does not overlap with the loading path; that is, the sorption isotherm curve is highly hysteretic. The effective compressibility of the system is nearly the same as that at the high-pressure range of the loading path, larger than both of the slopes in sections OA and AB. The effective compressibility should be mainly determined by the machine compliance. Not until the pressure is reduced to about 0.2 MPa does the system volume recovery start to accelerate, forming a defiltration plateau (CO). The difference in the loading and unloading behaviors should be related to the irreversibility of the motion of the confined liquid. Under high pressure, the liquid molecules and ions can overcome the energy barrier among the tetrahedral sites when they slide along the nanopore surface into the interior of a nanoporous particle. During unloading, since no negative pressure difference can be applied, the confined liquid must rely on thermal motion to overcome this internal friction effect, which needs to be aided by additional driving force. 20, 21 The required driving force can be estimated as 3.3 MPa, the difference between the infiltration pressure and the defiltration pressure. As an order-of-magnitude assessment, the difference in effective interfacial tensions in infiltration and defiltration is about 13 mJ/m 2 , which looks plausible compared with the system free energy variation associated with direct interaction among the liquid and solid molecules. 22 The molecular formula of MHA is HS(CH 2 ) 15 CO 2 H. The MHA molecules react with the active hydroxyl sites at carbon surfaces and form long chains with negatively charged end groups. The details of the surface reactions on metallic and ceramic materials have been discussed by a number of researchers. [23] [24] [25] With such a polar structure, the surface tends to be hydrophilic, opposite to the effect of the silane groups. Since the repelling effect of the neutral CH 3 end of a silane group to water molecules is based on the relatively weak van der Waals interaction while the attraction effect of a charged MHA group is based on the strong hydrogen bond, the latter tends to be dominant. As a result, with the MHA treatment, the carbon surface becomes hydrophilic. As the treated BP-2000 powders are mixed with the liquid, they can be suspended uniformly. After mixing and being at rest for 12 h, no evidence of phase separation can be observed. Clearly, the surface charges keep the carbon particles separate.
If the inner surface modification at the inner surfaces of nanopores is similar to that of the particle outer surface, the inner surface would also be hydrophilic. Under this condition, once the BP-2000 is mixed with the KCl solution, the nanopores would be soaked up spontaneously; and as pressure is applied no further infiltration should be observed. The testing curve in Fig. 1 , however, exhibits a clear infiltration plateau, suggesting that the inner surfaces of nanopores are still hydrophobic. An interesting phenomenon is that, with the addition of the hydrophilic MHA groups, the pressure at the onset of infiltration does not vary much. Moreover, as the infiltration continues, the infiltration pressure significantly increases. At the end of infiltration, the pressure is nearly 7.5 MPa, higher than the initial infiltration pressure by more than 100%. The average slope in the infiltration plateau is around 3 kPaÁg/mm 3 , only slightly smaller than that of the low-pressure section.
While there is no direct experimental method to determine the distribution profile of the surface group density inside the nanopores, since increasing MHA treatment time would not cause detectable changes in the sorption isotherm curve, the treatment effect is saturated. The high degree of hydrophobicity of the inner surface may be attributed to the unique chain configuration in the confining nanoenvironment, as depicted in Fig. 2 . In a nanopore, along the axial direction, the space is much less constrained than the radius direction. Thus, to minimize the system free energy, the relatively long MHA chains tend to extend along the pore wall, and thus the negatively charged end groups are buried by the nonpolar CH 2 groups. Note that the confinement effect of the nanopore walls on the configuration of silane groups is much less pronounced, since the silane group used in the current study is only around 0.3 nm long, much shorter than MHA. With the long MHA chains, the inner surfaces are of a high effective roughness, and thus when the liquid molecules and ions slide against the solid wall, the energy barrier that they must overcome at tetrahedral sites increases. As a first order approximation, the total internal friction acting on the confined liquid segment can be assumed proportional to the infiltration depth. Thus, as the infiltration volume increases, the pressure that is required to maintain the liquid intrusion rises linearly, as observed in the experiment. For each gram of BP-2000 sample, the additional work that the external pressure does during the infiltration process is around 2.3 J. That is, the energy barrier associated with liquid sliding along inner surface is 1.9 mJ/m 2 , or 1.9 Â 10 À15 J/mm 2 , about 10% of the effective solid-liquid interfacial tension. The increase in infiltration pressure may also be related to the surface charges of MHA groups at the outer surface near the nanopore opening, which form an electric field normal to the liquid transport direction that requires additional work. 26 With the surface groups, the effective nanopore size is smaller, as will be discussed shortly, which may promote the capillary effect, leading to a higher infiltration pressure. However, since these two factors are independent of the infiltration depth, they are secondary compared with the internal friction effect.
The presence of the MHA groups at inner nanopore surfaces is also validated by the gas absorption analysis after the surface treatment. With the decoration of MHA groups, both the nanopore size and the nanopore volume are decreased. From the width of the infiltration plateau, the volume of the nanopores filled by the liquid phase is reduced by almost 35%, to 1.2 cm 3 /g. Compared with the untreated material, it is equivalent to a reduction in nanopore radius of about 0.5 nm. This value is much smaller than the MHA chain length (about 4 nm), which, again, implies that the MHA groups extend along the axial direction. The decrease in effective nanopore volume measured in the gas absorption experiment is less pronounced, probably because of the relatively high mobility of gas molecules that can relatively easily penetrate into the space in between adjacent surface groups.
When unloading begins, defiltration occurs at a much lower pressure compared with infiltration, similar to the untreated material. The transition from the linear pressure decrease to the defiltration plateau, however, is much less sharp, indicating that even at a relatively high pressure defiltration can gradually take place, which can be attributed to the complicated configuration change of MHA chains subjected to the pressure variation.
Similar characteristics of infiltration and defiltration can be observed at an elevated temperature. In the temperature range under investigation, the infiltration volume is constant, indicating that the configuration of MHA chains at the inner surfaces does not vary. The liquid suspension is stable; that is, the surface charges at outer surfaces are not significantly affected. However, the infiltration pressure is considerably lowered by about 0.5 MPa, which agrees with previous experimental results on nanoporous silica gels that, when the temperature increase causes a decrease in the liquid surface tension, the effective solid-liquid interfacial tension is also reduced. The difference in infiltration and defiltration pressures is nearly the same, implying again that the MHA configuration, which dominates the energy barrier to the sliding of confined liquid segment along the inner surfaces, is relatively thermal insensitive.
IV. CONCLUSIONS
To summarize, the modification effects of 16-mercaptohexadecanoic acid on the outer and inner surfaces of a nanoporous carbon are considerably different. On the outer surface, the charged MHA chains trigger a hydrophobic-to-hydrophilic transition, so that the carbon particles can be stably suspended in an aqueous solution. On the inner surface, the effective degree of hydrophobicity at the onset of infiltration does not vary much, while as the infiltration continues the required pressure becomes considerably higher. This may be attributed to the anisotropic morphology in the confining nanoenvironment that the charged end groups are buried and the nonpolar chains are exposed to the liquid phase. It agrees with the observation that the infiltration volume decreases after the MHA treatment. These characteristics are not sensitive to the temperature increase, except that the infiltration pressure is lowered. 
